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Abstract 24 
 25 
Complex microbial communities exhibit a large diversity hampering differentiation by 26 
DNA fingerprinting. Herein, Differential Display Denaturing Gradient Gel 27 
Electrophoresis (DD-DGGE) is proposed. By adding a nucleotide to the 3’-end of PCR 28 
primers, 16 primer pairs and fingerprints were generated per community. Complexity 29 
reduction in each partial fingerprint facilitates sample comparison. 30 
31 
 3
Microbial communities present a huge diversity which has been reported to exceed the 32 
possibilities of current molecular methods (4). This elevated diversity makes difficult 33 
the analysis of microbial communities and, above all, their comparison through time 34 
series, spatial distribution and other experimental treatments (16, 22). 35 
 36 
Current analyses frequently involve the use of molecular fingerprinting methods as a 37 
relatively simple and rapid procedure to characterize each microbial community by a 38 
singular profile (7, 10, 18, 19). At present, different fingerprinting methods are 39 
available, for example, Denaturing Gradient Gel Electrophoresis (DGGE)(18), terminal-40 
Restriction Fragment Length Polymorphisms (t-RFLP)(15), and Single Stranded 41 
Conformational Polymorphisms (SSCP)(21), among others. Most of the pitfalls usually 42 
attributed to fingerprinting techniques are inherent to PCR amplification (26, 27) and 43 
the potential bias generated during the protocol equally affects cloning and sequencing 44 
as well as any other PCR-based approaches (6, 14, 25) including new generation 45 
sequencing methods (12). Fingerprinting techniques are specially useful for the 46 
comparison of microbial communities and the detection of community shifts induced by 47 
different treatments (5, 16).  48 
 49 
Shifts in microbial communities represent highly sensitive indicators of changes in a 50 
given  system and this potential technology is of great interest in numerous scenarios 51 
(7). However, the large complexity of microbial communities often inhibits the 52 
detection of changes through fingerprinting analysis (1, 9). In this study, we propose a 53 
novel differential display fingerprinting method to discriminate DNA bands into 54 
different profiles. This discrimination is performed by the nucleotide following the 3’-55 
end of the standard primers used in PCR amplification. Denaturing Gradient Gel 56 
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Electrophoresis (DGGE) is the fingerprinting technique used in this work, and the 57 
proposed differential display (DD-DGGE) of microbial community fingerprints is 58 
aimed to facilitate the detection of differences between microbial communities. This 59 
technique is applied to a case study differentiating control and nitrate-supplemented 60 
wastewaters. 61 
 62 
Materials and Methods. Two reactors continuosly operating with primary effluent 63 
from Guadalete Waste Water Treatment Plant (Jerez de la Frontera, Cadiz, Spain) were 64 
used in this study as previously described (9). One of the reactors was supplemented 65 
with 0.24 mM calcium nitrate (final concentration; NutrioxTM). Biofilms developed in 66 
the reactors were collected when maximum difference between the concentration of 67 
sulfide at control and supplemented reactors was observed (9). Collected samples were 68 
stored frozen at -80ºC until processed. DNA was extracted and 16S rRNA gene 69 
fragments were amplified by PCR following standard procedures described by Portillo 70 
et al. (23) but using the primers described below (Table 1) and the PCR thermal 71 
conditions proposed for primer pair Bac8F and Bac356R (13). 72 
 73 
Microbial community fingerprints were carried out by DGGE (18) using 6 h running 74 
time. The reverse primer Bac356R included a GC-rich tail sequence at its 5’-end for 75 
fragment stabilization during DGGE. Gels obtained by DGGE were digitalized and 76 
analyzed as previously described (22) to estimate the quantitative ratios of selected 77 
bands in nitrate-supplemented versus control reactors. 78 
 79 
Standard DGGE analyses resulted in molecular fingerprints with a high number of 80 
bands. In order to discriminate these bands into multiple molecular profiles, PCR 81 
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amplifications were performed with primer pairs designed by the standard priming 82 
sequence plus a different nucleotide at their 3’-end. Thus, a total of 16 primer pairs (A-83 
A, A-C, A-G, A-T, C-A, C-C, etc.) were prepared and the amplified products of these 84 
16 reactions were run into separate lanes. In silico evaluation of 16S rRNA gene 85 
sequences from RDP (Ribosomal Database Project)(3) showed that the sequences from 86 
different bacteria corresponded to distinct modified 3’-end primer pairs (Table 1) 87 
although a clear distribution of whole phyla within single primer pair combinations 88 
could not be established. Selected bands, showing different intensity in both treatments 89 
or absent in one of them, were cut-off the electrophoresis gels, reamplified and 90 
sequenced (29). Obtained sequences were submitted for homology searches (2) at the 91 
National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/Blast/) 92 
and deposited in GenBank under the accession numbers reported in Table 2. 93 
 94 
Results and discussion. Differential display techniques has been long applied in the 95 
clinic environment preferentially focused on comparative analyses of gene expression 96 
(11, 20, 28). In this study we applied a similar principle using selective 3’-end primer 97 
pairs for PCR amplification combined with a fingerprinting technique (DGGE) resulting 98 
in the DD-DGGE procedure which greatly improves the potential to differentiate 99 
between bacterial communities and to detect specific bacterial phylotypes when 100 
comparing complex microbial systems. 101 
 102 
The discrimination of amplicons into different PCR reactions based on a differential 3’-103 
end nucleotide of the amplification primers resulted in a distribution of the total 104 
bacterial community fingerprints into several subcommunities characterized by a 105 
specific fingerprint. Some combinations of the forward and reverse primers used for 106 
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DD-DGGE (Table 1) did not select any amplicon and most members of the community 107 
were distributed into six combinations of modified 3’-end forward and reverse primers. 108 
This result is in agreement to in silico evaluation of the proposed protocol which 109 
confirmed that some primer combinations rarely correspond to reported bacterial 16s 110 
rRNA gene sequences from RDP. Figure 1 shows the subcommunity fingerprints 111 
obtained from each of the successful combinations of primer pairs. Great similarity 112 
between the total community fingerprints from the nitrate-supplemented and control 113 
reactors was observed and no differences in the banding pattern were clearly visualized 114 
(Figure 1T). This suggested that these communities presented scarce differences and 115 
that the DGGE procedure (i.e., PCR amplification, DGGE, and DD-DGGE) were highly 116 
reproducible. The subcommunity fingerprints (Figure 1, from A to F) showed a 117 
distribution of the total number of bands in several profiles and even allowed the 118 
detection of additional bands corresponding to bacterial 16S rRNA genes remaining 119 
undetected in the total community fingerprint. The subcommunity profiles showed 120 
lower complexity that the global fingerprint allowing the detection of several 121 
differences between control and nitrate-supplemented reactors. 122 
 123 
Some of the most clear differences between the bacterial communities of nitrate-124 
supplemented and control reactors are indicated in Figure 1 (labeled from ‘a’ to ‘q’). 125 
Table 2 shows the taxonomic affiliation of the bacteria corresponding to these selected 126 
bands. Besides, densitometric analysis of the DD-DGGE fingerprints allowed to 127 
quantify the proportion that each selected band represented in the nitrate-supplemented 128 
and control reactors (Figure 2). These bacteria showed an enhancement or inhibition 129 
during nitrate addition. Bacteria belonging to the Alphaproteobacteria (Agrobacterium), 130 
Firmicutes (within the Clostridiales), Betaproteobacteria (Burkholderiales), and 131 
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Actinobacteria (Streptomyces) were detected as being positively influenced by the 132 
addition of nitrate. However, some Alphaproteobacteria (Rhizobiales), 133 
Betaproteobacteria (Burkholderiales and Neisseriales), Firmicutes (different phylotypes 134 
within the Clostridiales), Acidobacteria, and Synergistetes were detected as being 135 
partially repressed by the supplemented nitrate.  136 
 137 
The bacteria identified during this study do not correspond to major nitrate-reducing, 138 
sulfide-oxidizing bacteria as expected from previous studies (8). We have mainly 139 
detected heterotrophic bacteria generally reported in wastewaters but with scarce 140 
potential to decipher critical nutrient cycling steps other that organic carbon 141 
decomposition. This result suggests that PCR amplification combined with DGGE 142 
analysis (DD-DGGE in this study) is only able to detect the most abundant components 143 
of bacterial communities (above 1% of total community)(17, 18). In an scenario 144 
dominated by heterotrophic bacteria, those representing a minor portion of the studied 145 
communities would only be occassionally detected using domain-wide primer pairs. 146 
The proportion of Sulfurimonas-like relatives detected using group-specific primers by 147 
Garcia-de-Lomas et al. (8) constituted at most a 0.1% of the total bacterial community. 148 
These results are in agreement with the high bacterial diversity reported in wastewaters 149 
(1, 9, 24) and indicates that DD-DGGE is a useful method to comparatively analyze the 150 
abundant members of bacterial communities from different treatments or sampling 151 
series. In the present work, the discrimination of bacterial phylotypes into different PCR 152 
amplification reactions and their display by DD-DGGE allowed to simplify the DNA 153 
banding profiles and also improved the number of detected bands when compared to 154 
standard PCR and DGGE procedures. 155 
 156 
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Herein, a novel strategy for the comparative analysis of bacterial communities is 157 
proposed by combining 3’-end discriminating primer pairs for PCR amplification and 158 
DGGE fingerprinting to obtain multiple subcommunities. The proposed procedure, DD-159 
DGGE, provides with a platform for the simple and rapid comparison of bacterial 160 
communities and the detection of their major components showing differential behavior 161 
between samples. 162 
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Figure legends 266 
 267 
 268 
Figure 1. Molecular fingerprint of the total bacterial community (T) and partial 269 
community (A-F) of samples from reactors with control (Co) and nitrate-270 
supplemented (Ni) wastewater. Partial community fingerprints correspond to 271 
those obtained by using different 3’-ending priming sequences (Table 1): A, 272 
A (forward, Bac8Fa) and A (reverse, Bac356Ra); B, A (forward, Bac8Fa) 273 
and G (reverse, Bac356Rg); C, C (forward, Bac8Fc) and G (reverse, 274 
Bac356Rg); D, G (forward, Bac8Fg) and A (reverse, Bac356Ra); E, G 275 
(forward, Bac8Fg) and T (reverse, Bac356Rt); F, G (forward, Bac8Fg) and 276 
G (reverse, Bac356Rg); T, total community (forward, Bac8F; reverse 277 
Bac356R). The identified OTUs are labelled as in Table 2.  278 
 279 
 280 
Figure 2. Quantitative analysis of fluorescence intensity for the community 281 
fingerprints from control (red lines) and nitrate-supplemented (blue lines) 282 
reactors compared in Figure 1. The peaks corresponding to identified OTUs 283 
are labelled as in Table 2. 284 
 285 
 286 
 287 
 288 
 289 
290 
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Table 1. Oligonucleotides used for PCR amplification in this study. Primers used for 293 
DD-DGGE are the primers used for total community amplification plus a 294 
single nucleotide (in bold) added at the 3’-end. 295 
 296 
ID Oligonucleotide sequence (5’3’) Reference 
DGGE oligonucleotides 
Bac8F AGAGTTTGATCCTGGCTCAG Jackson et al. 2001 
Bac356R *GCTGCCTCCCGTAGGAGT Jackson et al. 2001 
DD-DGGE oligonucleotides 
Bac8Fa AGAGTTTGATCCTGGCTCAGA This study 
Bac8Fc AGAGTTTGATCCTGGCTCAGC This study 
Bac8Fg AGAGTTTGATCCTGGCTCAGG This study 
Bac8Ft AGAGTTTGATCCTGGCTCAGT This study 
Bac356Ra *GCTGCCTCCCGTAGGAGTA This study 
Bac356Rc *GCTGCCTCCCGTAGGAGTC This study 
Bac356Rg *GCTGCCTCCCGTAGGAGTG This study 
Bac356Rt *GCTGCCTCCCGTAGGAGTT This study 
* A GC-rich tail (5’-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGG) was 297 
incorporated to the 5’-end of the reverse primers. 298 
 299 
300 
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 301 
 302 
Table 2. List of bands selected during DD-DGGE analysis and their taxonomic 303 
classification. The ratio of nitrate-supplemented reactor vs. control reactor 304 
(ratio Ni/Co) from densitometric analysis of fingerprints is shown. Ratios 305 
below one indicate higher values in the control reactor while ratios above one 306 
suggest an enhancement due to the supplemented nitrate. OTUs are labelled as 307 
in Figure 2. 308 
 309 
 310 
OTU Ratio 
Ni/Co 
Accession 
number 
Taxonomic classification Accession number of 
closest homologue 
a 2.504 HM440961 Agrobacterium, Alphaproteobacteria GU569146 
b 0.250 HM440962 Rhizobiales, Alphaproteobacteria FN436205 
c 0.566 HM440957 Burkholderiales, Betaproteobacteria FN550733 
d 0.333 HM440963 Neisseriales, Betaproteobacteria CP001154 
e 0.401 HM440960 Comamonas, Betaproteobacteria CU926399 
f 0.393 - Unidentified - 
g 0.368 HM440972 Clostridiales, Firmicutes CU926233 
h 2.496 HM440958 Clostridiales, Firmicutes GU303775 
i 0.276 HM440959 Acidobacteria CU927180 
j 0.001 HM440971 Clostridiales, Firmicutes CU925306 
k 2.269 HM440970 Acidovorax, Betaproteobacteria FN794211 
l 1.510 HM440969 Rhizobiales, Alphaproteobacteria EF188662 
m 1.183 HM440968 Burkholderiales, Betaproteobacteria GU640852 
n 1.648 HM440967 Streptomyces, Actinobacteria GU550566 
o 2.846 HM440966 Clostridiales, Firmicutes CU925891 
p 0.413 HM440965 Synergistetes CU924713 
q 0.340 HM440964 Synergistetes EU837979 
 311 
 312 
313 
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Figure 1 314 
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